Previous characterization of Pseudomonas aeruginosa clinical isolates has demonstrated an inverse correlation between cytotoxicity and internalization by epithelial cells. To further investigate this relationship, we tested PA103, a cytotoxic P. aeruginosa strain, and 33 isogenic noncytotoxic transposon mutants for internalization by Madin-Darby canine kidney cells. The majority of the mutants were not internalized, demonstrating that an inverse correlation between cytotoxicity and bacterial uptake by epithelial cells is not absolute. Six of the noncytotoxic mutants, however, demonstrated measurable levels of internalization by standard aminoglycoside exclusion assays even though internalization of wild-type strain PA103 was not detectable. All six had evidence of protein secretion defects involving two proteins, a 40-kDa protein and a 32-kDa protein. Pseudomonas aeruginosa is a gram-negative bacterium which causes disease in compromised hosts (42). Infection may occur at a variety of sites, including the urinary tract in catheterized patients, the bloodstream in individuals suffering from neutropenia or burns, the cornea in contact lens wearers, and the lungs in people with cystic fibrosis or patients requiring mechanical ventilation. This organism accounts for a significant percentage of all hospital-acquired infections and is the leading cause of nosocomial pneumonia (18).
Pseudomonas aeruginosa is a gram-negative bacterium which causes disease in compromised hosts (42) . Infection may occur at a variety of sites, including the urinary tract in catheterized patients, the bloodstream in individuals suffering from neutropenia or burns, the cornea in contact lens wearers, and the lungs in people with cystic fibrosis or patients requiring mechanical ventilation. This organism accounts for a significant percentage of all hospital-acquired infections and is the leading cause of nosocomial pneumonia (18) .
A remarkable number of bacterial secreted factors have been postulated to play roles in P. aeruginosa infections, including exoenzyme S (ExoS), exoenzyme T (ExoT), exotoxin A, phospholipase C, alkaline protease, and elastase (14, 32, 34, 49, 51) . Recently, a type III secretion system in this organism has been identified and shown to be responsible for transport of two of these proteins, ExoS and ExoT (54) . Type III secretion systems are sec-independent protein secretion pathways that are utilized by many gram-negative pathogens and are thought to be activated by host cell contact (29, 37, 41, 55) . Effector proteins are secreted by these pathways without cleavage of a signal peptide, although the information necessary for secretion is located in the amino-terminal portion of the protein (44, 48, 54) . Both intracellular pathogenic bacteria (e.g., Salmonella and Shigella spp.) and extracellular pathogenic bacteria (e.g., Yersinia spp. and enteropathogenic Escherichia coli) utilize conserved type III systems to secrete virulence factors (reviewed in reference 28).
Although P. aeruginosa has been traditionally viewed as an extracellular pathogen, recent reports indicate that this organism may be internalized by a variety of epithelial cells, including Madin-Darby canine kidney (MDCK) cells, corneal cells, and human respiratory epithelial cells (2, 6, (38) (39) (40) 56) . In particular, respiratory epithelial cell shedding following P. aeruginosa internalization has been postulated to be a host defense mechanism (39) . The mechanism of bacterial internalization remains poorly characterized, but it has been reported that the invasive potential of strains varies inversely with their ability to kill cells (cytotoxicity) (10) . In addition, there is evidence to suggest that invasion is not a prerequisite for cytotoxicity (8) . Finally, defects in expression of ExsA, a transcriptional activator of the Pseudomonas type III system (13, 19, 52, 54) , result in uptake of strains not otherwise internalized (9) . It has been postulated that ExsA is necessary for the secretion of a cytotoxic factor and that the absence of secretion of this factor by an ExsA mutant allows invasion to be detected in gentamicin exclusion assays (9) . Examination of clinical isolates has also demonstrated that the secretion of ExoS correlates with an invasive phenotype, perhaps by subverting host cell signal transduction pathways through covalent modification of host proteins (9) . Although these findings suggest that type III secretion modulates internalization, it remains unclear how this occurs and which components of this system are involved. We chose to further investigate the relationship between cytotoxicity and internalization by analyzing the uptake of PA103 mutants defective in cytotoxicity. Based on our results, we propose a model that explains how the type III secretion system of P. aeruginosa modulates both bacterial internalization by epithelial cells and bacterial killing of epithelial cells.
MATERIALS AND METHODS
Bacterial strains and media. Bacterial strains and plasmids used in this study are listed in Table 1 . P. aeruginosa strains were routinely cultured in LuriaBertani broth or in Vogel-Bonner minimal medium (50) with antibiotics as needed. For analysis of extracellular proteins, P. aeruginosa strains were grown in a defined minimal medium, MINS (25 mM KH 2 O 4 , 95 mM NH 4 Cl, 50 mM monosodium glutamate, 110 mM disodium succinate, 10 mM trisodium nitrilotriacetic acid, 2.5% glycerol, 5 mM MgSO 4 , and 18 M FeSO 4 ), that was originally optimized for ExoS production (33) . The following antibiotic concentrations were used: ampicillin, 50 g/ml; gentamicin, 100 g/ml; and tetracycline, 100 g/ml for Pseudomonas and 20 g/ml for E. coli.
Internalization assays. 3 .5% sodium bicarbonate, 0.6% bovine serum albumin and 5% fetal calf serum (referred to as MEM-Etc.). The MDCK monolayers were washed once with MEM-Etc., and approximately 1.5 ϫ 10 7 CFU of bacteria were added to the apical surface of the MDCK cell monolayer. MEM-Etc. alone was added to the lower wells. The bacteria were incubated with the MDCK cells for 3 h at 37°C in room air to allow invasion. The MDCK cell monolayers were then washed once with MEM-Etc. and incubated for 2 h at 37°C in the presence of 400 g of amikacin (Sigma Chemical Co.) per ml in MEM-Etc. to kill extracellular bacteria. Amikacin was added instead of gentamicin because the modified Tn5 transposon used to generate the mutants contains a gentamicin resistance marker (22) . Monolayers were then washed four times with MEM-Etc., and the MDCK cells were lysed by vortexing with glass beads in the presence of 0.25% Triton X-100. Lysates were plated on Luria-Bertani agar and incubated at 37°C for 17 h to quantify the CFU of viable internalized bacteria.
Analysis of secreted proteins. Secreted proteins were analyzed as follows. Bacteria were grown in 5 ml of MINS supplemented with appropriate antibiotics at 37°C for 17 h with shaking. Broths were centrifuged, and supernatants were partially purified and concentrated by ammonium sulfate precipitation and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (26) on 8% gels, as previously described (22) . Proteins were electrotransferred to nitrocellulose for immunoblot analysis or visualized by silver staining.
Protein purification. Extracellular aggregates were noted in cultures of PA103. Analysis indicated that these aggregates were composed of PepA, a 40-kDa protein, a 32-kDa protein, and several other proteins (see Fig. 2C ). These aggregates were used to purify PepB and PepD as follows. Bacteria were grown in 25 ml of MINS at 37°C for 17 h with shaking. Extracellular aggregates were removed from broths with sterile streaking loops, washed once in 10 mM NaCl, and solubilized in SDS sample buffer. After boiling for 5 min, samples were electrophoresed on 8% SDS-polyacrylamide gels. For amino-terminal peptide sequencing studies, the electrophoresed aggregate proteins were electroblotted onto polyvinylidene fluoride membranes (Applied Biosystems, Foster City, Calif.). Peptide sequencing was performed on a model 470A protein sequencer (Applied Biosystems) by the Biomolecular Resource Center of UCSF.
Immunoblot analyses. Polyclonal antiserum was prepared as described previously (4) . Briefly, proteins were purified from PA103 broth aggregates by SDS-PAGE, excised from the acrylamide gels, and extracted by the method of Hager and Burgess (15) . Proteins were then injected into rabbits, and sera were subsequently obtained by Animal Pharm Services, Inc. (Healdsburg, Calif.). Immunoblot analyses were performed by electrotransfer of ammonium sulfate-precipitated supernatant proteins from SDS-polyacrylamide gels to nitrocellulose followed by hybridization with the appropriate rabbit polyclonal antisera (43) . Goat anti-rabbit immunoglobulin G horseradish peroxidase conjugate (Gibco BRL) diluted 1:5,000 was used as a secondary antibody. Detection was performed with the ECL system (Amersham Corp., Arlington Heights, Ill.).
Cosmid library preparation and manipulation. A cosmid library of PA103 genomic DNA was constructed as follows. Chromosomal DNA from PA103 was purified by the freeze-thaw method (46) and partially digested with Sau3A. DNA fragments between 25 and 40 kb were isolated and purified by extraction from 0.4% agarose gels. The 3Ј overhangs were partially filled in by incubation with the Klenow fragment (Gibco BRL) in the presence of dGTP and dATP. These fragments were then ligated with pLAFR5SK1, which had been previously digested with XhoI and incubated with the Klenow fragment in the presence of dTTP and dCTP. (The Klenow treatment prevented self-ligation of the genomic DNA fragments and the vector.) Ligated constructs were transduced into E. coli S17-1 (47) with a phage packaging kit (Stratagene Corp.). E. coli cells harboring cosmids were selected by growth on tetracycline-containing agar. A total of 1,536 individual cosmid clones were isolated.
DNA colony hybridization and Southern hybridization analyses. Colony blots and hybridizations were performed by standard protocols (43) . Probes were radiolabeled by nick translation (43) . E. coli cells harboring cosmid clones were fixed to membranes in pools of eight and hybridized with radiolabeled probes. Members of the pools to which the probe bound were then fixed individually to membranes and again hybridized to the same probe to identify individual cosmid clones of interest.
Cosmid DNA used in Southern hybridization analyses was isolated by the alkaline lysis method (43) . DNA was digested with the appropriate restriction endonucleases, electrophoresed on agarose gels (0.8%), and transferred to nylon membranes (Hybond-N; Amersham Corp.). Oligonucleotide probes were radioactively end labeled (43) . Southern hybridizations, washes, and autoradiography were performed as described by Sambrook et al. (43) .
Cloning of the genes encoding PepB and PepD. Previously, 60 bp of nucleotide sequence adjacent to the insertion site of the transposon in mutant 1 had been determined by inverse PCR analysis (22) . This short fragment, which did not show significant similarity to any sequences in the database, was radiolabeled and used to probe the cosmid library of PA103 genomic DNA. Three cosmid clones, 4-7-H, 4-11-H, and 5-9-E, contained sequences to which the probe hybridized.
These cosmids were analyzed further by Southern hybridization analysis. Degenerate oligonucleotide probes corresponding to the amino-terminal encoding portion of the PepB and PepD structural genes were synthesized, radioactively end labeled, and used as probes in these assays. Each probe hybridized to a 2.0-kb SmaI-SmaI fragment and an 8.0-kb EcoRI-EcoRI fragment present on both cosmids 4-7-H and 4-11-H, indicating that these cosmids may contain overlapping inserts. Endonuclease digestion analysis indicated that the 8.0-kb EcoRI-EcoRI fragment contained the entire 2.0-kb SmaI-SmaI fragment. Both fragments were purified by extraction from agarose gels, ligated into pBluescriptII, and transformed into E. coli XL1-Blue by standard protocols (43) . Transformants were selected by growth on ampicillin plates. The plasmid containing the 2.0-kb SmaI-SmaI fragment was designated pAH830, and the plasmid containing the 8.0-kb EcoRI-EcoRI fragment was designated pAH831. Nucleotide sequencing studies. Both strands of the entire cloned 2.0-kb SmaISmaI insert of pAH830 were sequenced by a model 377 automated DNA sequencer (Applied Biosystems) at the Biomolecular Resource Center of UCSF. To complete sequencing of the 3Ј open reading frame (ORF), which extended beyond the 3Ј boundary of the 2.0-kb SmaI-SmaI insert, the 8.0-kb EcoRI-EcoRI insert of pAH831 was used as a template. Sequence analyses were performed with the Genetics Computer Group (Madison, Wis.) software package (3). Hydropathy analysis was performed by the method of Kyte and Doolittle (25) .
Nucleotide sequence accession number. The nucleotide sequences of the P. aeruginosa pepB and pepD genes have been submitted to GenBank and assigned accession no. AF035922.
RESULTS

Internalization of PA103 and isogenic mutants by MDCK cells.
To better assess the relationship between P. aeruginosa cytotoxicity and internalization, we examined the effects of mutations that eliminated cytotoxicity on the uptake of bacteria by epithelial cells. A variation (7) of the gentamicin exclusion assay (21) was used to quantify internalization by MDCK cells of parental strain PA103 and a group of 33 noncytotoxic isogenic mutants (Fig. 1) . These mutants had been generated previously by transposon mutagenesis and partially characterized, as described elsewhere (22) . Each harbors a single transposon insertion at a unique site. PA103 consistently lacked measurable internalization under the conditions of this assay, as did 27 of the 33 tested mutants (data not shown). Internalization, therefore, was not inversely correlated with cytotoxicity in a consistent manner, in that the majority of mutations decreased cytotoxicity without appreciably increasing bacterial uptake.
Six of the noncytotoxic mutants, however, demonstrated appreciable internalization (Fig. 1) . These mutants were 1, 16, M, N, P, and Q. MICs and minimal bacteriocidal concentrations of amikacin, the aminoglycoside used in our internalization assays, were determined for each of these mutants and did not differ significantly from those of PA103 (data not shown), indicating that bacterial survival in the presence of antibiotic was due to internalization and not to increased resistance. Thus, transposon insertions in these six mutants had the dual effect of both decreasing the cytotoxic capacity of PA103 and increasing bacterial internalization by MDCK cells.
Protein secretion of the internalized mutants. Since the loss of cytotoxicity alone did not correlate with bacterial internalization, we attempted to determine if mutants 1, 16, N, M, P, and Q shared any other properties that might account for their phenotype of internalization by MDCK epithelial cells. Interestingly, all six mutants had previously been reported to have potential defects in protein secretion (22) . Two of these mutants, M and N, had transposon insertions in genes which had similarities to type III secretion genes of Yersinia spp. (22) . We therefore further examined the secreted proteins of the six invasive mutants with protein gels. Culture supernatants were concentrated and partially purified by ammonium sulfate precipitation and analyzed by SDS-PAGE and silver staining ( Fig.  2A and Table 2 ). Mutant 1 was defective in secretion of a 40-kDa protein, designated PepB for Pseudomonas exoprotein B), and a 32-kDa protein, designated PepD ( Fig. 2A, lane 1) . Mutants 16, M, N, and Q were defective in secretion of both of these proteins as well as PepA/ExoU, a 73-kDa protein necessary for cytotoxicity and virulence of PA103 (5, 17) ( Fig. 2A,  lanes 3, 4, 5, and 7) . Repeated assays indicated that mutant P secreted variable amounts of the three proteins, ranging from undetectable to wild-type levels ( Fig. 2A, lane 6 ). Immunoblot analysis with polyclonal antibodies against PepA, PepB, and PepD confirmed these findings (Fig. 2B) . Together, these results verify those obtained previously by Kang et al. (22) and suggest that defects in secretion of PepA, PepB, or PepD by noncytotoxic mutants correlate with internalization.
Further experiments, however, demonstrated that not all noncytotoxic mutants defective in secretion of one or more of 
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P. AERUGINOSA TYPE III SECRETION AND INTERNALIZATIONthese proteins were internalized. Mutant 8, which has previously been shown to be defective in production of PepA due to a transposon insertion in the gene encoding this protein (17), was not internalized ( Fig. 1 and Fig. 2A and B, lane 2). Likewise, mutant 13, which secretes a truncated form of PepA (17), was not internalized (data not shown). Therefore, only a subset of secretion-defective noncytotoxic mutants were internalized-those that did not transport PepB and PepD. Furthermore, all noncytotoxic mutants that were not internalized did secrete PepB and PepD (data not shown). PepB and PepD were further characterized in order that we might better understand why defective secretion of these proteins correlated with bacterial uptake. Interestingly, these proteins were noted to be present in insoluble macroscopic aggregates when PA103 was grown in MINS, a minimal medium known to enhance secretion of the type III effector protein ExoS (33) . SDS-PAGE and immunoblot analyses demonstrated that the aggregates were composed primarily of PepA and its 71-and 69-kDa degradation products (17) , PepB, PepD, and ExoT (Fig. 2C and data not shown) . Interestingly, type III secreted proteins from other bacteria have been reported to form macroscopic aggregates in liquid cultures (20, 30, 36) . Thus, the presence of PepB and PepD in aggregates containing ExoT, a protein secreted by a type III pathway (54) , may indicate that PepB and PepD are also transported by this system. Amino-terminal peptide sequences. Following purification of PepB and PepD from these extracellular aggregates, aminoterminal peptide sequencing was performed. The amino terminus of PepB was found to be MNPITLERAGLPYGV and that of PepD was found to be MIDTQYSLAATQAAI. Of note, the amino-terminal residues of secreted PepB and PepD are methionines. These findings are consistent with both proteins being transported to the extracellular environment without cleavage of signal peptides, a hallmark of type III secreted proteins. Furthermore, they suggest that mutants 1, 16, M, N, P, and Q all have defects in type III secretion and that this transport pathway may be involved in modulating bacterial uptake by MDCK cells.
Type III secretion analyses. To further investigate whether the mutants that demonstrated internalization upon contact with epithelial cells did indeed have defects in type III secretion, we chose to examine the transport of ExoT by these mutants. ExoT is secreted by a type III mechanism (54) and can therefore be used as a marker for an intact type III pathway. Immunoblot analysis of culture supernatants indicated that ExoT was secreted by PA103 (Fig. 2B, lane 8) . (No crosshybridization to the antigenically related protein ExoS was noted, because PA103 does not express ExoS.) In contrast, no hybridizing bands were noted in lanes corresponding to mutants 16, M, N, and Q (Fig. 2B, lanes 3, 4, 5, and 7) . Thus, these mutants were defective in ExoT secretion as well as PepA, PepB, and PepD secretion. These findings are consistent with disruption of the type III secretion apparatus in mutants 16, M, N, and Q and with the premise that PepA, PepB, and PepD are type III transported proteins. Mutant P results were variable (Fig. 2B, lane 6) . In contrast, mutants 1 and 8 secreted ExoT (Fig. 2B, lanes 1 and 2, respectively) . The defect in mutant 8 is known to be limited to the gene encoding the effector molecule PepA (17); its type III secretion machinery is intact. Likewise, the defect in mutant 1 may be limited to secretion of PepB and PepD and may not involve the general type III secretion machinery, given the intact secretion of ExoT and PepA. Importantly, these results are consistent with each of the internalized mutants having defects in the type III secretion machinery or Fig. 4 .
with one or more type III secreted proteins. In addition, bacterial internalization by epithelial cells correlates with loss of transport of PepB and PepD but not PepA (Table 2) . Cloning and sequencing of the genes encoding PepB and PepD. Cloning of the genes encoding PepB and PepD, designated pepB and pepD, respectively, was performed to further characterize these proteins. As described in Materials and Methods, a PA103 genomic DNA cosmid library was screened by DNA hybridization analysis for the sequence into which the mutant 1 transposon had been inserted (obtained previously by inverse PCR [22] ). Three cosmids, 4-7-H, 4-11-H, and 5-9-E, were identified as containing these sequences as well as the amino terminus-encoding portions of both pepB and pepD. Subsequent analysis demonstrated that an 8.0-kb EcoRI-EcoRI fragment of cosmid 4-7-H contained the amino terminus-encoding portions of both genes. Restriction mapping indicated that a 2.0-kb SmaI-SmaI fragment within the 8.0-kb EcoRIEcoRI fragment contained the amino terminus-encoding portion of pepB and pepD. Both fragments were cloned and used in nucleotide sequencing studies.
Nucleotide sequence analysis of the 2.0-kb SmaI-SmaI fragment indicated the presence of two large ORFs separated by 11 nucleotides. One ORF was complete, while the second extended beyond the 3Ј boundary of this fragment. Nucleotide sequencing of a portion of the 8.0-kb EcoRI-EcoRI fragment was performed to determine the sequence of the remaining portion of the incomplete ORF. Comparison of the inferred peptide sequences encoded by these ORFs to those obtained by amino-terminal sequencing studies indicated that the larger ORF (nucleotides 97 to 1269 of the submitted sequence) encoded PepB and that the second ORF (nucleotides 1281 to 2168 of the submitted sequence) encoded PepD. The molecular weight of PepB was predicted to be 39,961 and that of PepD was predicted to be 31,310. Shine-Dalgarno consensus sequences (45) were noted 5Ј of the putative start codons of both pepB and pepD (data not shown). Since PepB and PepD purified from culture supernatants had the same amino-terminal peptide sequences as the deduced amino acid sequences, these proteins are likely not subject to amino-terminal signal cleavage upon secretion.
Comparison of the inferred peptide sequences encoded by these genes with the genetic database indicated that PepB and PepD have significant homology to YopB and YopD, respectively, type III secretion proteins of Yersinia spp. (16) (Fig. 3) . Alignment of peptide sequences indicated that PepB was 41% identical to YopB of Yersinia enterocolitica. PepD was noted to be 38.8% identical to YopD of Y. enterocolitica. The spacing of only 11 nucleotides between the two genes suggested that they are part of an operon. PepB precedes PepD in this putative operon, as is the case with their Yersinia homologs (16) , and the deduced proteins have similar sizes (YopB and YopD of Y. enterocolitica have molecular weights of 41,942 and 33,234, respectively). In addition, hydropathy analyses of the deduced amino acid sequences of PepB and PepD demonstrated patterns very similar to those of YopB and YopD, respectively (data not shown). For example, both PepB and YopB contain two hydrophobic regions in the central parts of the proteins consisting of approximately 44 and 35 amino acid residues (16) . These portions of YopB are postulated to represent transmembrane domains, and their presence in PepB may indicate that this protein is also localized to the cytoplasmic membranes of eukaryotic cells. Hydropathy analyses also predicted a hydrophobic region consisting of approximately 31 amino acid residues in the central part of PepD, as has been shown for YopD (16) . These findings suggested that PepB and PepD are P. aeruginosa homologs of YopB and YopD, respectively, and may be necessary for translocation of type III secretion effector molecules into host cells.
The GϩC content of the pepB coding sequence was found to be 65.6%, and that of the pepD coding sequence was found to be 68.0%. These values are in close agreement with those reported for the P. aeruginosa genome (67.2%) (35) and the pscB- 
P. AERUGINOSA TYPE III SECRETION AND INTERNALIZATIONL locus (67.5%) (54) . The pscB-L locus encodes structural components of the P. aeruginosa type III secretion apparatus and is homologous to the yscB-L locus of Yersinia spp. (54) .
Comparison of the nucleotide sequence of a partial ORF (nucleotides 2295 to 2688 of the submitted sequence) 3Ј of pepD with sequences in the genetic database indicated that this ORF contains the coding sequence for ExsC, a part of the ExoS trans-regulatory locus (12) . This regulatory locus is 5Ј of the pscB-L operon (54) . Thus, pepB, pepD, exsC, exsB, exsA, exsD, and pscB-L are part of a single pathogenicity island, and additional genes important in type III secretion may lie on either side of this locus.
DISCUSSION
We have examined the effects that mutations which decrease P. aeruginosa cytotoxicity have on bacterial internalization. An inverse correlation between cytotoxicity and internalization had been observed in previous studies with nonisogenic clinical isolates (9) . In contrast, we were unable to detect internalization for 27 of 33 tested isogenic mutants with absent or minimal cytotoxicity. These findings provide further evidence that the absence of cytotoxicity does not necessarily imply a phenotype of internalization (8) .
Unlike the majority of the examined noncytotoxic transposon insertion mutants, six such mutants were internalized by MDCK epithelial cells. This was surprising given that the parental strain, P. aeruginosa PA103, was not appreciably internalized. Each of the six mutants had properties suggesting defects in secretion. In particular, two or more of four distinct proteins were absent in culture supernatants of these mutants compared to the parental strain. These proteins were PepA, PepB, PepD, and ExoT. Of interest, all mutants with defects in transport of PepB and PepD were internalized, suggesting that secretion of these proteins may be essential for preventing bacterial uptake by MDCK epithelial cells.
Several properties of PepB and PepD were consistent with secretion by a type III pathway. Mutants M and N, which failed to secrete both PepB and PepD, have previously been shown to harbor transposon insertions in homologs of genes that encode structural components of the type III secretion machinery of Yersinia spp. (22) ( Table 2 ). Both PepB and PepD are found in the supernatants of cultures during growth in media known to induce secretion of ExoS, a type III secreted protein. Both are secreted without amino-terminal processing. PepB and PepD form extracellular macroscopic aggregates with ExoT and PepA during growth in liquid cultures. Such aggregate formation has also been reported with regard to the type III secretion systems of other bacteria (20, 30, 36) . Finally, PepB and PepD are themselves homologs of YopB and YopD, type III secreted proteins of Yersinia spp. Taken together, these findings suggest that defects in secretion of specific type III proteins correlate with internalization of P. aeruginosa by MDCK cells. Thus, in striking contrast to Salmonella typhimurium and Shigella spp., an intact type III secretion system in P. aeruginosa correlates with inhibition rather than augmentation of bacterial uptake by epithelial cells. This conclusion agrees with previously published results indicating that PA103exsA::⍀, a mutant of PA103 defective in expression of the type III system transcriptional activator ExsA, is internalized (9) .
That PepB and PepD are homologs of YopB and YopD, respectively, may explain the noncytotoxic phenotype of mutant 1, which does not secrete these two proteins. While the lack of cytotoxicity of mutants 16, M, N, P, and Q was thought to be due to defects in secretion of PepA, the putative cytotoxin (5, 17) , it was previously unclear why mutant 1 was noncytotoxic. Our results suggest that although mutant 1 secretes PepA, this protein is unable to reach the interior of epithelial cells, where it is functionally active, because of the absence of the PepB-PepD translocator.
A possible explanation for the internalization phenotype of the noncytotoxic mutants is as follows ( Table 2 ). The lack of measurable internalization of the parental strain, PA103, is consistent with the secretion of a substance that inhibits bacterial uptake by epithelial cells. Mutants 16, M, N, and Q, which appear to be defective in secretion of multiple type III proteins, are internalized by epithelial cells. This suggests that the uptake-inhibiting molecule is secreted by a type III mechanism. Mutant 1, which secretes neither PepB nor PepD, is also internalized. This may indicate that these two proteins themselves function to inhibit bacterial internalization or that they are required for translocation of an internalization-inhibiting effector molecule into the host cell. Mutant 8, which is specifically defective in secretion of PepA (17) , is informative in this regard. As is the case for the parental strain, PA103, mutant 8 does not exhibit appreciable internalization. Thus, PepA does not modulate bacterial uptake and is not the effector molecule responsible for inhibition of internalization. Our results are therefore consistent with different type III secretion effector molecules being responsible for cytotoxicity and for inhibiting bacterial uptake. It must be stressed, however, that our results demonstrate only correlations between protein secretion and bacterial uptake. Complementation studies will be necessary to conclusively demonstrate that these genetic defects are responsible for the lack of internalization of these mutants.
Although there are many possible explanations for the observations we describe, one model of the interaction between the P. aeruginosa type III secretion system and MDCK epithelial cells is shown in Fig. 4 . This model assumes that in the absence of active inhibition of uptake, P. aeruginosa is internalized by MDCK epithelial cells. The type III system of PA103 secretes a cytotoxin(s) as well as a molecule, designated AIF (for anti-internalization factor), that functions to prevent the default bacterial internalization. (The former may be PepA, which is necessary for cytotoxicity in PA103 [5, 17] .) This explains why the phenotype of wild-type PA103, which secretes both the cytotoxin and AIF, is cytotoxic but noninternalized. Anything that prevents the delivery of the cytotoxin to the cytoplasmic compartment of the host cell will result in loss of cytotoxicity. Likewise, the lack of delivery of AIF into the host cell yields a phenotype of bacterial internalization. Blocks in delivery of both of these factors can occur at several steps along the delivery pathway. For example, isogenic mutants of PA103 that are defective in expression or secretion of all type III proteins (e.g., PA103exsA::⍀ or mutant N) secrete neither the cytotoxin nor AIF and are therefore noncytotoxic and internalized. Mutants which secrete both the cytotoxin and AIF but are unable to translocate them into the cytoplasmic compartment of eukaryotic cells (e.g., mutant 1, which secretes neither PepB nor PepD), where they are functionally active, are likewise noncytotoxic and internalized. Finally, mutants specifically defective in secretion of the putative cytotoxin PepA (e.g., mutant 8) are noncytotoxic. These mutants, however, still secrete and deliver AIF, and their uptake by epithelial cells is therefore inhibited; they are not internalized. Mutants that are specifically defective in secretion or delivery of AIF would be cytotoxic and internalized. The data presented here are compatible with any type III effector protein except PepA being AIF. ExoT is a candidate for such a factor in that it is secreted by the PA103 type III secretion system (54) and its function is currently unclear. It must be emphasized that PA103 does not secrete ExoS, and the role of this protein in cytotoxicity and inhibition of bacterial internalization (9) remains unclear. This model is highly speculative but is in agreement with what is currently known about Yersinia, which harbors the type III secretion system most closely related to that of P. aeruginosa (12, 24, 54) . The Yersinia type III system secretes YopH, which blocks the invasion normally mediated by the bacterial surface protein invasin, and YopE, a potent cytotoxin (11) . With regard to P. aeruginosa, the physiological relevance of bacterial internalization and secretion of factors that block it awaits further characterization.
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ADDENDUM
Following submission of the manuscript, Yahr et al. (53) published the nucleotide sequences of the genes encoding PopB and PopD. Comparison of these sequences to those of pepB and pepD indicates that PepB and PopB are the same protein, as are PepD and PopD. FIG. 4 . Model of the interaction between the PA103 type III secretion system and epithelial cells. In wild-type bacteria, the transcriptional activator ExsA allows expression of type III secretion genes. These genes encode PepB, PepD, and effector proteins such as a cytotoxin(s) and a putative factor that inhibits bacterial internalization by epithelial cells, AIF. The cytotoxin and AIF are transported out of the bacterium by the secretion apparatus, which consists of PscJ and other proteins. The cytotoxin and AIF are then translocated by the PepB-PepD complex into the cytoplasmic compartments of epithelial cells, where they act to kill the cells and inhibit bacterial internalization, respectively. Thus, wild-type PA103 has a cytotoxic and noninternalized phenotype. Potential defects present in the mutants discussed in this study are numbered as follows. (1) An ExsA mutant is unable to transcribe type III secretion genes and therefore synthesizes neither the cytotoxin nor AIF (although our data is consistent also with AIF regulation being independent of ExsA). This mutant is noncytotoxic and internalized. (2) Mutant 8 is defective in production of the putative cytotoxin but does secrete AIF. It therefore does not kill epithelial cells, but delivery of AIF to the host cell cytoplasmic compartment prevents bacterial internalization. (3) Mutant N is defective in production of PscJ, a component of the bacterial type III secretion apparatus, and can secrete neither the cytotoxin nor AIF. It is thus noncytotoxic and internalized. (4) Mutant 1 is defective in secretion of PepB and PepD and is therefore unable to translocate the cytotoxin and AIF into epithelial cells. This mutant is also noncytotoxic and internalized by epithelial cells.
